Abstract: Granite stones are the most abundant rock of the crust. Due to their beauty, durability, and virtually zero maintenance, they have been used widely since ancient times in all types of construction, as a structural or decorative element. Commonly, this material is used with a polished finishing, but there has been an increased interest in giving it a rustic aspect, mainly for decorative or functional reasons, e.g., to reduce slipping. Rough surfaces are usually produced by means of bush hammering, but this is an extremely noisy and inefficient process. In this work we have explored the capabilities and limits of a laser blasting process assisted by a scanning system in order to produce precise and controllable roughness on two varieties of granite plates. It was found that laser blasting of thin granite tiles can be accomplished with processing widths up to 250 mm at medium-low laser power, obtaining a rustic aspect suitable for use in façades, paving, or flooring. Moreover, laser scanner systems are capable of enhancing the productivity of this process up to ten times greater than that found in previous works.
Introduction
Granite stones are one of the most suitable materials for construction due to their beauty, durability, and low maintenance. This is a manifestly crystalline rock with an interlocking structure. Its composition depends on the exact variety of granite, but in general it is mainly composed of feldspar, quartz, a small amount of mica, and minor accessory minerals (such as zircon, apatite, magnetite, ilmenite, or sphene) [1] . These materials have a greater strength than marble, sandstone, or limestone and therefore are more difficult to machine [2] .
The international trade of granite was valued at around $2.5 billion in 2016 [3] , with an estimated production of 20 million tons. From a commercial point of view, the maximum usage of granite is in paving, internal and external flooring, and façades [4] .
Surface finish is one of the major concerns related to the application of natural stones. Different finishes will provide different aesthetic value, durability, or slip resistance. A polished finish is commonly used for internal flooring and tiling, while on the other hand, a rough finish, e.g., a bush hammered finish, is used to create a non-slip surface, ideal for high traffic outdoor areas or to give a rustic aspect employed on feature cladding and cobblestones.
Bush hammering is the most employed technique to give a rough surface finish to granites. It consists of beating the stone using a hammer designed specifically for this application, so some material is removed from the surface. Despite its wide application, it possesses some disadvantages: The level of noise is high (>120 dB), the powder generation is pronounced, the minimum thickness to apply this method is restricted to high values (typically higher than 25 mm), and the cost of the process is increased by the replacement of worn-out tools.
In order to overcome these drawbacks, laser technology seems to be a good choice since it has already demonstrated its capability to treat different building materials such as concrete, natural stones, tiles, and rocks [5] . For example, some authors have focused on surface texturing of concrete by laser scabbling [6] [7] [8] or in marble [9] . Regarding granite, a polished surface was laser treated to be transformed into a non-slip surface by generating micro-craters [10, 11] on it. The laser blasting of granite has been previously reported [12, 13] , which consisted of material being removed from its surface by a laser beam. Moreover, no mechanical stresses are induced on the plate, so thin tiles can be treated and wasted powder and noise is greatly reduced compared to conventional bush hammering.
Infrared lasers are typically employed for processing granite. The most common are Nd:YAG, diode, and CO 2 lasers, but CO lasers are also used [14] . A Nd:YAG laser is commonly utilized for surface treatments [15] and for producing craters [10] . On the other hand, drilling [16] and surface treatment [12, 13] are also carried out by a diode laser. However, CO 2 lasers are most commonly employed for processing granite. Valente et al. [16] demonstrated that a CO 2 laser is more efficient than diode lasers for drilling white granite and it was assumed to be due to a higher absorption. Laser cutting of granite by CO 2 laser was recently reported in [17] . Drilling of granite submerged in water [18] and surface treatment [9] has also been carried out by CO 2 lasers.
The main limitation of laser technology for surface treatments (and particularly for laser blasting) is related to their difficulty in treating large areas due to the reduced dimensions of the spot size of a focused laser beam. However, the combination of high-power laser sources and scanning systems used in laser treatments, such as laser hardening [19] , microstructuring [10] , and more recently in laser cladding [20] , can overcome the low productivity of laser blasting process.
In the present work, we investigated laser blasting process assisted by scanning systems on two varieties of granite. Therefore, the aim of this work was to present an in-depth study of the influence of the processing parameters (laser power, P, transverse speed (velocity in the Y-direction, v 1 ) and scanning speed (velocity in the X-direction, v 2 )) on the roughness and quality of the finished surface for non-slip applications, as determined by advanced statistical methods.
Materials and Methods

Materials
The materials used in the experiments were two different granite plates: A white granite (called White Alba granite) and a black granite (a gabbro called Black South Africa granite). Both granites have a medium size grain, are compact, and exhibit an irregular fracture.
Plates of 350 mm × 250 mm × 10 mm and an initial average surface roughness of R a = 0.22 µm and R a = 0.068 µm for the white and black granites, respectively, were used in the laser blasting experiments.
Experimental Procedures
The laser treatment was performed using a 3.5 kW CO 2 slab laser (Rofin-Sinar DC035, Hamburg, Germany), emitting a TEM00 CW laser beam at a 10,600 nm wavelength. The laser beam was focused onto the surface of the sample using a lens with a 710 mm focal length, thus achieving a laser focal spot diameter of 0.56 mm. In order to perform a wide surface treatment, the laser beam was scanned over the sample, in all cases, in air at atmospheric pressure. Figure 1 shows an illustration of the experimental set-up employed for the laser treatments. To perform a fast and wide surface treatment, a special designed polygon mirror scanner was implemented to produce a high-speed deflection of the laser beam in one direction (e.g., X-direction). On the other hand, the scanned laser beam was moved along a perpendicular direction Coatings 2019, 9, 131 3 of 11 (e.g., Y-direction) by means of a computer numerically controlled table. Using this scanning system, the laser beam was deflected up to 450 mm in the X-direction along the sample, therefore, tiles were processed in only one pass along the whole X-direction, while the scanned laser beam was moved at a constant rate in the Y-direction.
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Roughness was measured by a surface roughness gauge (TESA Rugosurf 10G, Renens, Switzerland) in several locations of the treated areas. Then, an average value for the average roughness (R a ) was extracted to characterize the surface finishing after the laser treatment. Measurements were made in accordance with the recommendations specified by the International Standard ISO 4288:1996 [22] .
In order to study the influence of laser radiation on the granite, laser treated and untreated samples of granite were analyzed by Raman spectroscopy. Raman reflection spectra were acquired by means of a spectrometer (Horiba Jobin Yvon LAbRam-HR800, Kyoto, Japan) equipped with an Ar laser excitation source (488 nm) and coupled with a microscope.
Finally, the quality of the laser blasted samples was evaluated by means of a quality factor (designated Q Factor) which takes into account different variables such as: melting of the surface; processing speed; laser power; amount of residue; removed material; roughness; and visual appearance.
Therefore, the following expression was used:
The possible values for each variable are summarized in Table 2 . The importance of each variable was weighted by a factor associated with its relevance on the final application, then, roughness, visual appearance, and detection of notorious melting of the surface were selected as the most relevant parameters determining the quality of samples for its application to produce non-slipping surfaces. On the other hand, the other variables are related with the laser process itself. Therefore, they are less important than the others, but still relevant. 
Results
Processing Results
The utilization of a laser beam in conjunction with a scanning system allows for the treatment of large areas. Processing results indicate that 250 mm in length (x-axis) can be treated in one pass using the experimental setup developed in this work. As seen in Figures 2 and 3 , treated surfaces exhibit a homogenous aspect and a rustic aspect. The maximum productivity reached during the experimental tests was around 3 m 2 /h for both granites. This processing rate is approximately ten times higher as compared to those results found in the literature [12, 13] . It should be noted that the working rate using conventional methods, such as a rotary bush hammer, is around 15-20 m 2 /h. In order to reach and surpass these figures, advantages of laser processing should be exploited, e.g., working in parallel with multiple laser beams or employing high brightness laser sources.
On the other hand, roughness values as high as 20 µm were reached during the processing of both granites. These values are smaller than in the case of conventional methods such as flaming (75 µm) or bush hammering (125 µm). approximately by the well-known equation [25] :
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where E-Young modulus; a-coefficient of lineal thermal expansion; T-temperature; and ν-Poisson's ratio. The interaction of a laser beam with rocks can spall, melt, or vaporize them as the energy transferred to the material raises its temperature locally. Literature data indicate that the most efficient rock removal mechanism is the thermal-spallation due to the lower temperature required as compared to melting or vaporization [23] .
The scanning of a laser beam focused onto the surface of both granites, under an average irradiance of 10,960 W/mm 2 , tends to produce the spallation of the surface, as depicted in Figure 4 for the black granite. This irradiance causes an increment in temperature which can be approximately calculated for a semi-infinite, homogeneous solid [24] by Equation (2):
where T-temperature; T 0 -ambient temperature; Q-laser power; v-travel speed of the laser beam; x/y/z-distances in the x, y, and z directions; w-distance in the x direction in a moving coordinate of speed v (w = x − vt); α-thermal diffusivity; and k-thermal conductivity. Coatings 2019, 9, x FOR PEER REVIEW 6 of 11 Figure 4 . Emission of particles from the irradiated surface produced by thermal stresses induced in the black granite.
As seen, thermal stress, and in consequence the spallation, is proportional to the temperature reached in the interaction region. These stresses are quite significant in granites due to their low thermal conductivity and high linear thermal expansions. The spalling/cracking is formed when the thermal stresses beneath the surface reach the tensile strength of the granite [10] . At this stage, flakes or particles are emitted from the surface in a normal direction as seen in Figure 4 . It was observed that part of the flakes (up to 1-2 mm in length) can be melted and remain lightly adhered to the surface of the treated area during the processing at high laser powers and low scanning and traverse speeds as depicted in Figure 5 . During the processing of both granites, a slight melting of the surface can be observed. However, this effect is quite selective. Quartz and feldspar tends to be highly fractured, mainly in the white granite, however, mica tends to be essentially melted as corroborated by Raman analyses in processed samples of white granite ( Figure 6 ). As noted, mica (annite) is in a glassy state.
The melting process of mica is quite different in both granites. In the white granite, mica is only slightly melted and tends to form micrometric drops in order to minimize its surface energy (Figure 7a ). On the other hand, mica particles in the black granite are massively melted and tend to form large drops, while feldspar and quart tends to bleach (Figure 7b ). The increment in the temperature due to the laser scanning produces thermal stresses as given approximately by the well-known equation [25] :
where E-Young modulus; a-coefficient of lineal thermal expansion; T-temperature; and ν-Poisson's ratio. As seen, thermal stress, and in consequence the spallation, is proportional to the temperature reached in the interaction region. These stresses are quite significant in granites due to their low thermal conductivity and high linear thermal expansions. The spalling/cracking is formed when the thermal stresses beneath the surface reach the tensile strength of the granite [10] . At this stage, flakes or particles are emitted from the surface in a normal direction as seen in Figure 4 . It was observed that part of the flakes (up to 1-2 mm in length) can be melted and remain lightly adhered to the surface of the treated area during the processing at high laser powers and low scanning and traverse speeds as depicted in Figure 5 .
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The melting process of mica is quite different in both granites. In the white granite, mica is only slightly melted and tends to form micrometric drops in order to minimize its surface energy (Figure 7a ). On the other hand, mica particles in the black granite are massively melted and tend to form large drops, while feldspar and quart tends to bleach (Figure 7b ). During the processing of both granites, a slight melting of the surface can be observed. However, this effect is quite selective. Quartz and feldspar tends to be highly fractured, mainly in the white granite, however, mica tends to be essentially melted as corroborated by Raman analyses in processed samples of white granite ( Figure 6 ). As noted, mica (annite) is in a glassy state. 
Roughness Results
As previously discussed, the appearance of the treated surfaces strongly depends on the processing parameters. The analysis of the full factorial design reveals laser power and transverse speed as the most statistically significant factors affecting the roughness during the processing of both granites. Influence of the scanning speed can be neglected for the range of values studied in this work. The response surfaces for the average roughness have been calculated as: 
Only terms up through Order 1 were included in the model for simplicity, and plotted in Figures 8 and 9 .
As seen during the processing of both granites, the average roughness of the samples is increased by means of the increment of the laser power and by the reduction of the transverse and scanning speed. The effect of the reduction of the scanning speed is much less compared to the traverse speed. This can be explained under the basis of Equations (2) and (3). Utilization of high laser powers and low speeds produces large temperatures and, in consequence, high thermal stresses. The higher the thermal stresses, the more efficient the laser blasting process, and the sample exhibits a larger roughness. The melting process of mica is quite different in both granites. In the white granite, mica is only slightly melted and tends to form micrometric drops in order to minimize its surface energy (Figure 7a ). On the other hand, mica particles in the black granite are massively melted and tend to form large drops, while feldspar and quart tends to bleach (Figure 7b ). 
As seen during the processing of both granites, the average roughness of the samples is increased by means of the increment of the laser power and by the reduction of the transverse and scanning speed. The effect of the reduction of the scanning speed is much less compared to the traverse speed. This can be explained under the basis of Equations (2) and (3). Utilization of high laser powers and low speeds produces large temperatures and, in consequence, high thermal stresses. The higher the thermal stresses, the more efficient the laser blasting process, and the sample exhibits a larger 
As previously discussed, the appearance of the treated surfaces strongly depends on the processing parameters. The analysis of the full factorial design reveals laser power and transverse speed as the most statistically significant factors affecting the roughness during the processing of both granites. Influence of the scanning speed can be neglected for the range of values studied in this work. The response surfaces for the average roughness have been calculated as:
R a (µm) = 11.00
Only terms up through Order 1 were included in the model for simplicity, and plotted in Figures 8  and 9 .
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As seen during the processing of both granites, the average roughness of the samples is increased by means of the increment of the laser power and by the reduction of the transverse and scanning speed. The effect of the reduction of the scanning speed is much less compared to the traverse speed. This can be explained under the basis of Equations (2) and (3). Utilization of high laser powers and low speeds produces large temperatures and, in consequence, high thermal stresses. The higher the thermal stresses, the more efficient the laser blasting process, and the sample exhibits a larger roughness.
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(a) (b) Figure 8 . Contour plot of average roughness Ra (μm) versus (a) laser power (P) and transverse speed (v1), and (b) laser power (P) and scanning speed (v2) during the processing of white granite.
(a) (b) Figure 9 . Contour plot of average roughness Ra (μm) versus (a) laser power (P) and transverse speed (v1), and (b) laser power (P) and scanning speed (v2) during the processing of black granite.
Quality Factor
A quality factor was proposed to evaluate the performance of the laser blasting process on the studied materials using the guidelines given in Section 2.3. The results of the full factorial design show that laser power and transverse speed are the statistically significant factors affecting the quality of the blasting. Influence of the scanning speed can be neglected for the range of values studied in this work. The response surfaces for the quality factor have been calculated as: 
Only terms up through Order 1 were included in the model for simplicity and plotted in Figure 10 . The quality obtained during the processing of the black granite is inferior to the quality obtained for the white granite. In both cases, the quality is increased by the increment of the laser power and the decrement of the transverse speed. Evolution of the quality as a function of the processing parameters is quite similar in both granites.
Laser blasting with the scanning system can be also employed in other kind of granites. Figure 11 shows a polished plate of Black Zimbabwe granite with three bands of non-slipping surface. They (a) (b) Figure 9 . Contour plot of average roughness Ra (μm) versus (a) laser power (P) and transverse speed (v1), and (b) laser power (P) and scanning speed (v2) during the processing of black granite.
Laser blasting with the scanning system can be also employed in other kind of granites. Figure 11 shows a polished plate of Black Zimbabwe granite with three bands of non-slipping surface. They were made using 1000 W of laser power and 2 mm/s of transverse speed. Therefore, the CO2 laser 
Only terms up through Order 1 were included in the model for simplicity and plotted in Figure 10 .
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The quality obtained during the processing of the black granite is inferior to the quality obtained for the white granite. In both cases, the quality is increased by the increment of the laser power and the decrement of the transverse speed. Evolution of the quality as a function of the processing parameters is quite similar in both granites.
Laser blasting with the scanning system can be also employed in other kind of granites. Figure 11 shows a polished plate of Black Zimbabwe granite with three bands of non-slipping surface. They were made using 1000 W of laser power and 2 mm/s of transverse speed. Therefore, the CO 2 laser demonstrated its capability to produce a rustic non-slip surface on different kinds of granites.
Coatings 2019, 9, x FOR PEER REVIEW 9 of 11 (a) (b) Figure 10 . Quality factor evolution as a function of the laser power (P) and transverse speed (v1) for the processing of the (a) white granite and (b) black granite. Figure 11 . Image of a plate of Black Zimbabwe granite with three non-slip bands made by laser blasting and a detail of the transition from polished to laser treated surface.
Conclusions
A laser blasting process assisted by a scanning system has been used to treat the surface of thin granite tiles (10 mm). Using a moderate laser power (1 kW) this system allows blasting the surface of granite plates with processing widths of 250 mm. Processing conditions required to tailor the surface roughness and quality of results were determined using statistical methods. The quality of the laser blasted samples was evaluated by means of a quality factor (designated Q Factor) which takes into account different variables such as: melting of the surface; processing speed; laser power; amount of residue; removed material; roughness; and visual appearance. Laser power and traverse speed were found to be the most relevant processing parameters. Surface quality and roughness are both increased with the laser power and decreased with the traverse speed.
The obtained results show a way to maximize roughness and quality and reveal that the efficiency of the process is up to ten times higher than in prior works found in the literature using lasers.
Comparing to existing mechanical methods for granite blasting, such as bush hammering, the laser blasting process assisted by a scanning system here applied, shows several advantages: the level of noise is almost negligible compared with the 120 dB reached when using mechanical means; the 
Comparing to existing mechanical methods for granite blasting, such as bush hammering, the laser blasting process assisted by a scanning system here applied, shows several advantages: the level of noise is almost negligible compared with the 120 dB reached when using mechanical means; the laser blasting process allows blasting granites of just 10 mm, compared to the minimum thickness of 25 mm required to apply the bush hammering method; the amount of powder generated during the bush hammering is much higher than the one produced by the laser blasting technique.
Different kinds of granites (White Alba, Black South Africa and Black Zimbabwe) were successfully treated by means of a high-power CO 2 laser assisted by a scanning system, obtaining a rustic appearance surface suitable to be used in façades, paving, or flooring. 
